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Abstract
The transcriptional coactivator, PGC-1α, is known for its role in mitochondrial biogenesis.
Although originally thought to exist as a single protein isoform, recent studies have identified
additional promoters which produce multiple mRNA transcripts. One of these promoters
(promoter B), approximately 13.7kb upstream of the canonical PGC-1α promoter (promoter
A), yields alternative transcripts present at levels much lower than the canonical PGC-1α
mRNA transcript. In skeletal muscle, exercise resulted in a substantial, rapid increase of
mRNA of these alternative PGC-1α transcripts. Although the β2-adrenergic receptor was
identified as a signaling pathway that activates transcription from PGC-1α promoter B, it is
not yet known what molecular changes occur to facilitate PGC-1α promoter B activation following exercise. We sought to determine whether epigenetic modifications were involved in
this exercise response in mouse skeletal muscle. We found that DNA hydroxymethylation
correlated to increased basal mRNA levels from PGC-1α promoter A, but that DNA methylation appeared to play no role in the exercise-induced activation of PGC-1α promoter B. The
level of the activating histone mark H3K4me3 increased with exercise 2–4 fold across PGC1α promoter B, but remained unaltered past the canonical PGC-1α transcriptional start site.
Together, these data show that epigenetic modifications partially explain exercise-induced
changes in the skeletal muscle mRNA levels of PGC-1α isoforms.

Introduction
The transcriptional coactivator, PGC-1α, has been linked to mitochondrial biogenesis [1–4].
The close interaction between PGC-1α and mitochondrial transcription factors [3], such as the
nuclear respiratory factor (NRF) family, has led to PGC-1α being coined the “master regulator
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of mitochondria” [4]. In addition to mitochondrial biogenesis, PGC-1α is involved in the regulation of fatty acid oxidation, glucose metabolism, and antioxidants [5–7]. However, recent
studies have found that the PGC-1α gene contains more than one promoter and transcribes
multiple isoforms [8–14].
A second promoter (promoter B) of PGC-1α has been identified in mice, located approximately 13.7kb upstream of the canonical promoter (promoter A) [9]. This alternate promoter
B drives transcription of an alternate exon 1 with two splice donors, generating two new N-termini of PGC-1α. Furthermore, alternative splicing from promoter B generates at least three different isoforms [10, 14]. Microarray studies indicate that these newly identified isoforms
activate different genes than the canonical PGC-1α, including genes involved in muscle hypertrophy [10]. While overexpression of canonical PGC-1α strongly activated genes involved in
mitochondrial biogenesis and function, overexpression of a protein expressed from promoter
B weakly increased mitochondrial genes, and instead activated genes involved in cellular
growth pathways. Additionally, a truncated form of PGC-1α expressed from promoter A
named NT-PGC-1α, was found to have a similar role to the canonical PGC-1α protein [14].
That this isoform was similar to the promoter B isoform related to hypertrophy [10], with the
first exon being the difference, suggests that the genes controlled by PGC-1α are strongly influenced by the N-terminus of the protein.
An analogous promoter has also been identified in human tissues, which is also activated
upon exercise [10, 13, 15, 16]. Furthermore, in human brain tissue, eight new isoforms were
identified, with putative transcription start sites ~500kb upstream of the canonical promoter
[11]. However, the promoters regulating transcription of these new isoforms have not yet been
located, and it is not yet known whether any of these alternate mRNA transcripts produce
functional protein. Together, these data suggest a much more complex role for the PGC-1α
gene than originally thought.
The activation of PGC-1α within different tissues responds to different stressors. Upon exposure to cold, the brown adipose tissue of mice exhibits a marked increase in mRNA transcripts generated from PGC-1α promoter B [8, 15, 17]. Similarly, skeletal muscle tissue from
exercised mice yields a marked increase in the levels of mRNA produced from promoter B,
whereas mRNA derived from promoter A remains relatively unchanged [8, 9, 12]. The level of
total PGC-1α mRNA positively correlates with exercise intensity [12]. Administering clenbuterol to mice causes an increase in mRNA transcripts driven from promoter B of PGC-1α without exercise, indicating that mRNA increases via the β2-adrenergic pathway [8, 12]. Human
promoter B PGC-1α mRNA levels are also increased by exercise [10, 15, 16]. Higher intensity
exercise causes a more dramatic increase in total PGC-1α mRNA levels, which may be due to
an increase in promoter B transcription [18], although this study did not distinguish between
isoforms. The PGC-1α response can be activated through treatment of cultured human muscle
cells with AICAR and norepinephrine, suggesting a similar adrenergic activation pathway [15].
However, the molecular mechanisms of PGC-1α activation in response to these specific stressors are not yet understood.
One possibility for the increase of PGC-1α promoter B transcription during exercise is epigenetic regulation. The histone landscape is an important part of transcriptional activation [19,
20]. Specific histone modifications (e.g. H3K4me3) produce an open DNA conformation, allowing transcription factors access to gene promoters, whereas other histone modifications
(e.g. H3K27me3) are frequently associated with silenced or repressed genes [20]. Furthermore,
DNA methylation may also control transcriptional activity of genes, with methylated promoters transcribed at lower levels than unmethylated promoters [21–23].
We hypothesized that, under basal conditions in skeletal muscle, promoter A maintains an
epigenetic landscape conducive to transcription (i.e. little DNA methylation, transcriptionally
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active histone marks), whereas promoter B is transcriptionally silenced. Furthermore, we hypothesized that the increase of PGC-1α mRNA from promoter B in skeletal muscle in response
to acute exercise was due, in part, to changes in the epigenetic landscape of the DNA immediately surrounding the two promoters. To test this hypothesis, we examined the level of activating and repressing histone marks across each promoter. Additionally, we applied both bisulfite
sequencing (BSFT-Seq) and Tet-assisted bisulfite sequencing (TAB-Seq) to determine whether
DNA methylation or hydroxymethylation status, respectively, changed after exercise.

Materials and Methods
Animals
C57BL/KaLwRij female mice, aged about 3 months, were obtained from VCU’s transgenic core
facility (VCU, Richmond VA, USA). Mice were caged in groups of four or fewer, and provided
with food and water ad libitum in the vivarium. All animal experiments were performed according to the policies and guidelines of the Institutional Animal Care and Use Committee
(IACUC) at Virginia Commonwealth University, USA. All procedures were reviewed and approved by the VCU IACUC prior to the conduct of this study. Animals were euthanized in the
vivarium by using controlled release of CO2 from a cylinder into a chamber that allows good
visibility of the animals and large enough to avoid crowding. All efforts were made to minimize
the number of animals used and to minimize their suffering.

Exercise Protocol
Mice were randomly assigned to sedentary control and exercise groups (n = 6 each group).
Mice were initially trained to run on a 4-lane rotarod of 3.0 cm diameter (Columbus Instruments). Training was performed over 15 min, with the rotarod increasing in speed from 15–35
rpm over that timeframe. The mice were then rested 1 day before acute exercise. Acute exercise
was carried out at speeds of 35–45 rpm in a one hour period. Mice were exercised at 35rpm for
20 min, 40 rpm for 30 min, and 45 rpm for 10 min. During each time point the mice were gently replaced on the rod whenever they fell. Both the sedentary control and the exercise group
were euthanized with CO2 inhalation one hour post exercise, as described above, and skeletal
muscle (quadriceps) was removed and snap frozen at -80°C.

Absolute quantitation of mRNA levels by RT-qPCR
Approximately 30mg of tissue was used to extract RNA using miRNeasy kit (Qiagen). After
checking RNA quality by capillary electrophoresis (Experion, BioRad), 1ug of RNA was reverse
transcribed (iScript, BioRad) into cDNA using random hexamers. Primers for use in Geometric
Mean Analysis were designed by Beacon Designer (S1 Table). qPCR was performed using a
CFX96 (BioRad) system. For all muscle samples, mRNA levels of seven common reference
genes (beta-actin, GAPDH, 18S rRNA, 14-3-3, topoisomerase 1, 36B4, cytochrome C1) were
assayed using IQ Multiplex Powermix or SsoFast EvaGreen (BioRad) to select genes with least
variability, based on GeNorm analysis in qbasePLUS (Biogazelle). GAPDH and beta-actin
were the two least variable genes, and their geometric means were selected to normalize the relative level of PGC1α isoform mRNA in individual muscle samples (S1 Fig). Primers specific
for PGC-1α-a, PGC-1α-b, PGC-1α-c, or total PGC-1α were used as previously described [8]
(S1 Table). Isoform specific standards were generated from mouse brain cDNA using primers
specific for PGC-1α-a, PGC-1α-b, or PGC-1α-c, with each amplicon containing common
exons found in all three transcript species (S1 Table). These amplicons were inserted into the
pCR-4TOPO vector (Life Technologies) and confirmed via sequence analysis. Absolute copy
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numbers were calculated using isoform specific plasmids as standards in the assays. Statistical
analysis was performed using Student’s paired t-test.

ChIP
ChIP was performed as previously described [24]. Skeletal muscle tissues ranging from 110–
185 mg were minced with a sterile scalpel, placed in ~20 ml RPMI-1640 (Gibco) culture medium supplemented with 10% sterile fetal bovine serum and 1% formaldehyde (Ted Pella, Inc),
and rocked for 10 minutes at 25°C. The fixation was quenched by adding glycine to a final concentration of 0.125M. Samples were centrifuged at 450 x g at 4°C for 10 minutes and the pellets
were resuspended in 5ml cold PBS containing 1mM PMSF. The suspension was placed on ice
and homogenized in a Dounce homogenizer then centrifuged at 450 x g at 4°C. The pellets
were washed first with a buffer containing Triton (0.25%), EDTA pH8.0 (10mM), EGTA
pH7.5 (0.5mM) and HEPES pH7.5 (10mM) containing 1ug/ml each pepstatin, leupeptin, aprotinin and 1mM PMSF. The pellets were again washed with a second buffer containing NaCl
(0.2M), EDTA pH8.0 (1mM), EGTA pH7.5 (0.5mM) and HEPES pH7.5 (10mM) and 1ug/ml
each pepstatin, leupeptin, aprotinin and 1mM PMSF and stored at -80°C. The lysis buffer used
on muscle tissue contained 1% SDS as opposed to 0.1% SDS described previously. Rabbit-generated antibodies for H3K4me3 (Millipore, Cat# 07–473) or H3K27me3 (Millipore, Cat# 07–
449) were used to immunoprecipitate histones. As a negative control, normal rabbit IgG (Cell
Signaling Technology, Cat# 2729S) was used. Input samples were generated by taking the supernatant from a ChIP assay with no antibody. Samples were then subjected to qPCR using
primers specific for 5 sites surrounding the transcriptional start sites of either Exon1a or
Exon1b/c. qPCR was performed on a Chromo4 DNA-engine (BioRad) using SYBR Green
(Qiagen). Statistical analysis was performed via ANOVA.

Bisulfite Treatment of DNA and Amplicon Sequencing
DNA extracted from muscle (350ng/sample) was treated using the EZ DNA Methylation-Direct Kit (Zymo Research) according to the manufacturer’s instructions. DNA was eluted into
12ul of elution buffer. Primers were designed to generate multiple amplicons spanning all CpG
dinucleotides within 1000bp upstream of the transcriptional start site. Each primer was fused
to a M13F or M13R sequence for facilitation of sequencing. Primer sequences are shown in S1
Table. 1ul of bisulfite treated template was used to generate each amplicon. Amplicons were sequenced by both M13F and M13R primers to ensure full coverage. Sequence chromatograms
were analyzed using Chromas Lite (Technelysium Pty Ltd). The peaks of both cytosine and
thymine were measured at each CpG dinucleotide site, and a percentage of protected cytosines
was calculated.

Tet-assisted Bisulfite Sequencing
The 5hmC TAB-Seq Kit (WiseGene) was used to convert DNA extracted from mouse muscle
from 3 of the 6 paired mice in both sedentary and exercised groups. The 5mC and 5hmC controls were generated as previously described [25]. 500ng of mouse muscle DNA was mixed
with 2.5ng of the 5mC control and sheared using a bath sonicator (Bioruptor) for 5min (High
setting, 30sec on/30sec off). DNA was then purified and concentrated using 2x volume of
Ampure XP beads (Beckman-Coulter). 2.5ng of 5hmC control was added to the DNA mixture
and all were treated with beta-glucosyltransferase for 1hr at 37°C. DNA was again purified and
concentrated using 2x volume Ampure XP beads, followed by treatment with 25ug of the recombinant Tet1-catalytic domain for 1hr at 37°C. 25ug of Proteinase K was then added and
the sample was incubated at 50°C for 1hr. DNA was again purified and concentrated using 2x
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volume of Ampure XP beads. The DNA was then bisulfite treated and sequenced as described
in the preceding section. 5mC and 5hmC controls were amplified with primers described in S1
Table to control conversion of 5mC and protection of 5hmC. Statistical analysis was performed
via ANOVA.

Results
Mouse exercise model
Previous studies have clearly demonstrated the increase of PGC-1α after exercise [8, 9, 12]. Although previous studies were performed using a treadmill, we sought to replicate this induction
using a rotarod. Six sets of mice were paired, with one remaining sedentary and the other exercised to exhaustion. Mice selected for exercise were first trained on the rotarod, which entailed
a 15 minute bout of exercise on the rotarod with the speed increasing from 15 rpm to 35 rpm.
The mice were rested for 1 day before being placed back on the rotarod for a round of acute, exhaustive exercise for a total of 1 hour. The mice were subjected to a speed of 35 rpm for 20 minutes, followed by 40 rpm for 30 minutes, followed by 45 rpm for 10 minutes. In the event that a
mouse fell off the rotarod, it was gently replaced. The times each mouse spent at each speed are
shown in Fig 1 and were comparable across the group of exercised mice.

Levels of PGC-1α mRNA after exercise
At least four PGC1α mRNA species have been identified in mouse [10]. They are transcribed
from two promoters, with two splice donors in Exon1b/c and one donor in Exon1a (Fig 2A).
Splicing of PGC-1α-a, PGC-1α-b, or PGC-1α-c into the second exon should occur regardless
of further 3’-splice variation. We asked whether the rotarod exercise model would induce transcription of PGC1α-b and PGC1α-c. We developed plasmids containing Exon 1a/Exon 2,
Exon 1b/Exon2, or Exon 1b/c/Exon2 amplicons to serve as copy number controls, allowing the
direct comparison of absolute amounts of mRNA present for PGC-1α-a, PGC-1α-b, or PGC1α-c across the different primer sets. We therefore are measuring only the levels of mRNA
transcribed from either promoter A or promoter B, including both possible splice variants
from Exon 1b/c. However, these RT-qPCR experiments do not distinguish further 3’-splice
variations that have been described in other studies [10, 14, 17].
We used RT-qPCR to quantitate the absolute levels of PGC-1α-a, PGC-1α-b, PGC-1α-c, or
total PGC-1α mRNA in both sedentary and exercised mice (Fig 2B). A single bout of exhaustive exercise increased skeletal muscle total PGC-1α mRNA from a normalized copy number
of 68.2 to 249.1, a 3.7-fold increase. As expected, PGC-1α-a did not significantly change (34.2
to 37.1). However, PGC-1α-b changed from 10.9 to 117.6, increasing by 10.8-fold. Similarly,
PGC-1α-c increased from 3.4 to 28.2, an 8.3-fold increase. These data show that the rotarod exercise model is similar to that of the treadmill exercise. Previous studies indicated a discrepancy
between the combined levels of PGC-1α-a, PGC-1α-b, and PGC-1α-c when compared to
primers measuring total PGC-1α mRNA levels [8, 9], suggesting the presence of additional, as
yet unidentified, promoters in skeletal muscle. However, using qPCR with an absolute quantitation method, we found that the sum of PGC-1α-a, PGC-1α-b, and PGC-1α-c is not significantly different from the quantity of total PGC-1α. Thus, the two promoters examined
produce most or all of the PGC-1α transcripts in skeletal muscle.

Histone modifications across PGC-1α promoters
Specific histone modifications are observed at the promoters of transcriptionally active
(H3K4me3, H3K27ac) or transcriptionally repressed (H3K27me3) genes [20, 26–28]. We
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Fig 1. Mouse exercise session on a rotarod. After initial training, individual mice were run on an increasing rotarod speed of 35, 40, and 45 rpm. Graph
shows time spent at each speed and cumulative time, in minutes, for each mouse.
doi:10.1371/journal.pone.0129647.g001

asked whether, under basal conditions, histone marks indicating active transcription were present at the PGC-1α-a promoter, in contrast to an expected silenced PGC-1α-b/c promoter. Further, we tested whether the levels of epigenetic modifications changed during the activation of
PGC-1α-b and PGC-1α-c during exercise. Since histone acetylation (e.g. H3K27ac) appears to
be required for CpG dense promoters [20], whereas the H3K4me3 histone mark is associated
with actively transcribed CpG sparse promoters [20, 27], we therefore hypothesized that if
changes in H3K4me3 are important for activation of isoform-specific PGC1a transcription, we
would observe an increase across promoter B, whereas promoter A should remain unchanged.
To test this hypothesis, we performed chromatin immunoprecipitation (ChIP) on formaldehyde cross-linked muscle samples from the same individual mice used for mRNA quantitation.
In general, the activating H3K4me3 mark was 10-fold lower across promoter B than promoter
A, while the H3K27me3 repressive mark was low over both promoters. The basal level of
H3K4me3 across a 1kb region prior to the transcriptional start site of Exon 1a (Fig 3A, right
panel, blue line) was similar to the corresponding 1kb region prior to the transcriptional start
site of Exon 1b/c (Fig 3A, left panel, blue line). However, at and beyond the transcriptional
start site, the amount of H3K4me3 detected at Exon 1a was 3- to 62-fold higher than the same
region past the Exon 1b/c transcriptional start site, in accord with the observation that the
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Fig 2. PGC-1α mRNA levels in skeletal muscle, by RT-qPCR, after rotarod exercise. (A) Schematic diagram of PGC-1α isoforms examined in this study.
PGC-1α-a is expressed from one promoter, whereas PGC-1α-b and PGC-1α-c are both expressed from the same promoter. (B) Paired mice (n = 6 each
group) were either exposed to rotarod exercise as described in Fig 1, or kept sedentary. RT-qPCR is shown for PGC1α using isoform-specific primers against
PGC-1α-a, PGC-1α-b, or PGC-1α-c. Known quantities from separate cloned plasmids containing each isoform were used to quantitate absolute copy
numbers of PGC-1α isoforms or total PGC-1α, which were normalized to geometric means of GAPDH and beta actin mRNA levels. Bars are shown ±SEM.
(** p<0.005 by paired t-test).
doi:10.1371/journal.pone.0129647.g002
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Fig 3. Chromatin Immunoprecipitation of histone modifications across Exon 1a and Exon 1b/c transcriptional start sites of PGC-1α. (A) Presence of
an activating histone modification (H3K4me3) was examined via qPCR 1000bp in each direction from the transcriptional start site of Exon 1a (left) or Exon
1b/c (right). (B) Presence of a repressing histone modification (H3K27me3) was examined via qPCR 1000bp in each direction from the transcriptional start
site of Exon 1a (left) or Exon 1b/c (right). 2-way ANOVA analysis found significant difference between the level of H3K4me3 only across the Exon 1b/c
transcriptional start site (p<0.0001). Individual points were compared for statistical significance using student’s t-test (* p<0.05, ** p<0.005).
doi:10.1371/journal.pone.0129647.g003

basal level of PGC-1α-a mRNA is approximately 3-fold higher than the combined level of
PGC-1α-b and PGC-1α-c mRNAs in skeletal muscle under basal conditions. Following exercise, there is an overall increase (between 2- and 4-fold) in the 2kb region across promoter B
(Fig 3A, left panel, red line). This difference was found to be significant by 2-way ANOVA.
There is also a significant increase in the level of H3K4me3 at two points before the transcriptional start site of Exon 1a (5-fold and 2-fold increase, respectively; Fig 3A, right panel, red
line). These changes were detected comparing individual points via student’s t-test. These data
suggest that the DNA near and after the transcriptional start site of Exon 1b/c is in a more
open conformation following exercise. Further, it indicates that the DNA approaching the
transcriptional start site of Exon 1a, which Pol II must traverse during transcription of PGC1α-b and PGC-1α-c mRNA, is also in an open conformation. Together, these data help to explain how PGC-1α-b and PGC-1α-c mRNA are transcriptionally upregulated during exercise.
The level of the repressing histone mark, H3K27me3, across both promoter A and promoter
B (Fig 3B) was very low, with little difference between promoter A and promoter B in sedentary
mice, and no significant change between sedentary and exercised mice across either promoter.
Thus, we conclude that the repressing histone mark, H3K27me3, does not play a role in regulating isoform-specific PGC1a transcription during exercise.
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Bisulfite sequencing analysis of PGC-1α after exercise
Because we observed a change in the activating histone modification, H3K4me3 present
around promoter B following exercise, we asked whether there might be a concomitant change
in DNA modifications in either promoter A or promoter B. The presence of methylation at
CpG dinucleotides is a hallmark of repressed transcription [22]. Because PGC-1α-a mRNA levels were higher than PGC-1α-b and PGC-1α-c mRNA under basal conditions, we predicted
higher CpG methylation across promoter B compared to promoter A in sedentary mice. However, because CpG methylation is associated with long-term changes [29], we did not expect to
see a change in PGC-1α promoter methylation after stimulation with exercise.
We first applied BSFT-Seq using skeletal muscle genomic DNA extracted from the same individual mice as used for the RT-qPCR and ChIP assays. Following bisulfite modification [30],
we PCR-amplified overlapping fragments encompassing a 1kb region upstream of the transcriptional start sites of either Exon 1a or Exon 1b/c and covering all CpG dinucleotides in
these CpG sparse promoters. The 5’ ends of the amplification primers carried the M13F and
M13R priming sites to facilitate direct sequencing. Amplicon sequencing has previously been
used for bisulfite sequencing analysis [31], and allows the detection of protected cytosines at a
cellular population level. In unexercised mice, both promoters contained a high percentage of
protected cytosines (Fig 4A). Surprisingly, promoter A generally had a higher level of protected
cytosines within the 900bp region examined, ranging from 38% to 90% (Fig 4A, right panel).
In contrast, the 900bp region of promoter B ranged from 25% to 65% (Fig 4A, left panel).
However, promoter A had little cytosine protection within 150bp of the transcriptional start
site (3–4%), whereas promoter B retained a substantial level of cytosine protection within
200bp of the transcriptional start site (33–37%). Thus, DNA methylation likely maintains the
low basal mRNA level from promoter B.
Given that CpG methylation is a hallmark of transcriptional repression, our data correlate
with the basal mRNA levels from each promoter, in that there is little DNA modification close
to the transcriptional start site of Exon 1a, and substantial modification near the start of Exon
1b/c. Furthermore, there was no notable change in protected cytosines following a single bout
of exercise, demonstrating that PGC-1α promoter methylation status remains unchanged after
acute exercise.

5mC and 5hmC levels at the PGC-1α promoters
One major caveat of bisulfite treatment is the inability to differentiate between methylated
(5mC) and hydroxymethylated (5hmC) cytosines. This distinction is important as 5mC is involved in transcriptional repression [21–23], while 5hmC plays a role in demethylation and/or
transcriptional activation [32, 33]. It was therefore possible that, although the level of cytosines
protected from bisulfite treatment did not change following acute exercise, the ratio of 5mC/
5hmC changed, which would indicate a transition from repressed to activated transcription.
We therefore determined the levels of both 5mC and 5hmC across the promoter A and promoter B, using TAB-Seq, which leaves only 5hmC protected from bisulfite modification [25,
34]. In this assay, 5hmC nucleotides are first protected by glucosylation through β-glucosyltransferase, forming 5Glc-hmC. Recombinant Tet1 dioxygenase converts all 5mC through
5hmC to 5-carboxylcytosine (5caC) and 5-formylcytosine (5fC), which are no longer protected
from bisulfite modification. Thus, during subsequent bisulfite treatment of the DNA, only the
5Glc-hmC is protected and read as cytosine, whereas all other modified and unmodified cytosines are converted to uracil. The level of 5hmC from TAB-Seq is subtracted from the level of
total protected cytosines from BSFT-Seq to obtain the true 5mC level.
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Fig 4. Measurement of 5mC and 5hmC across PGC-1α Exon1a and Exon1b/c promoter regions. (A) Percent protected cytosines at each CpG site
within the promoter region of PGC-1α Exon1a (right) or Exon1b/c (left) after bisulfite treatment of skeletal muscle DNA. (B) Percent protected cytosines after
TAB-Seq, showing the level of 5hmC at each CpG site. (C) The level of 5mC is shown at each CpG site across the PGC-1α promoters.
doi:10.1371/journal.pone.0129647.g004

The DNA from three pairs of mice (exercised or sedentary), from the same muscle samples
used in the BSFT-Seq, was subjected to TAB-Seq. Control DNA fragments containing either
5mC or 5hmC were added to each sample prior to treatment [25] to determine the degree of
protection (5hmC) and Tet1 conversion (5mC) in each treatment. These controls showed
>85% 5hmC protection and >95% 5mC conversion (S2 Fig), comparable to that obtained by
Yu et. al. [25]. The same primers used in the BSFT-Seq assay were used to generate amplicons
for direct sequencing. Data was analyzed at promoter A and promoter B, and plotted as percent
5hmC (Fig 4B, right and left panels, respectively). There was practically no 5hmC present within promoter B, with no CpG site above 8% protected cytosines. This result indicates that most
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or all of the protected cytosines detected during BSFT-Seq were 5mC (Fig 4C, left panel), and
the levels did not change with exercise.
Interestingly, there was a substantial amount of 5hmC within promoter A, ranging from
3–40% (Fig 4B, right panel). Most of the 5hmC was found within 400bp from the transcriptional start site of Exon 1a. The 5mC levels (Fig 4C, right panel), are therefore substantially lower
than that obtained by BSFT-Seq. Because 5hmC is found in transcriptionally active genes [33],
it is likely that the lack of cytosine methylation and the presence of 5hmC close to the transcriptional start site provides epigenetic explanation for the higher basal mRNA level of
PGC-1α-a when compared to that of PGC-1α-b and PGC-1α-c, and suggests a role for 5hmC
in maintaining active, CpG sparse promoters in an open configuration for transcriptional
activation.

Discussion
Previous studies have demonstrated that exercise increases the level of PGC-1α-b and PGC1α-c mRNA in the skeletal muscle of mice, while leaving the amount of PGC-1α-a relatively
unchanged [8, 18]. We found that exercise using a rotarod produced a large increase in the
mRNA levels of PGC-1α-b and PGC-1α-c, similar to that seen in previous treadmill exercise
experiments [18]. These previous experiments revealed a disparity between total PGC-1α and
the sum of PGC-1α-a, PGC-1α-b, and PGC-1α-c [8, 9, 18], with the total level of PGC-1α
mRNA higher than the sum of the individual isoforms. This suggested additional, as yet unidentified promoters and isoforms. However, our studies using normalized copy numbers for
each mRNA show that the sum of each individual mRNA is similar to the total amount of
PGC-1α mRNA. Thus, these three isoforms comprise most or all of the mRNA present within
skeletal muscle.
In this work we sought to determine whether epigenetic regulation was involved in the selective activation of PGC-1α-b and PGC-1α-c following acute exercise. Methylation at CpG islands is thought to control long-term, stable repression of genes [35]. CpG islands are
described as having a GC content of at least 55% and a CpG observed-to-expected ratio of 0.65
within a 500 bp region [36]. Neither promoter A nor promoter B has a CpG island within the
regions examined. Some studies examining non-CpG island promoters have shown CpG methylation in tissues not expressing these genes, and lack of methylation in expressing cells [37,
38]. However, studies on genome-wide methylation-expression relationships have yielded
mixed results, leaving little evidence either way for the role of methylation in non-CpG island
promoters [39, 40].
We observed CpG methylation present on both PGC-1α promoters. Near the transcriptional start site, the level of methylation was higher on promoter B (~40%) than on promoter A
(<10%). Interestingly, although we found multiple CpG sites with a higher percentage of protected cytosines on promoter A, most of these cytosines are modified with a hydroxymethyl
group. Thus, the DNA within 250nt of the transcriptional start site of promoter A has very little
CpG methylation (<10%). This observation underscores the importance of differentiating
5mC from 5hmC, which is not possible using bisulfite treatment alone. Our data also supports
an active role for 5hmC in maintaining an open chromatin configuration around such CpG
sparse active promoters [33].
We found a correlation between the level of methylation and PGC-1α isoform mRNA levels.
Promoter A, with relatively little methylation was expressed 2.4-fold higher than Promoter B
(combined PGC-1α-b and PGC-1α-c levels). These data suggest that methylation of non-CpG
island promoters might be involved in fine-tuning the basal level of mRNA within a tissue. Tissue specific comparisons of mRNA levels and DNA methylation will be needed to test this
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possibility. Furthermore, altering the level of methylation on promoter A and B may give further insight into whether methylation plays a functional or correlative role in basal mRNA levels. Our work also clearly shows no significant methylation change in either promoter
following exercise. The lack of exercise-associated change indicates that while DNA methylation may be involved in controlling basal mRNA levels, it is not involved in the activation of
promoter B, nor does it prevent this activation from occurring. This finding is not surprising
given that methylation is associated with long-term transcriptional control [29], whereas our
experiments looked at a short, acute bout of exercise. The possibility that changes in DNA
methylation at either promoter occur during a prolonged period of exercise, for weeks or
months, remains to be investigated. It is also possible that the change in methylation occurs
within a smaller time-frame than we examined. Using methylated DNA immunoprecipitation
(MeDIP), a previous study observed decreasing methylation at the PGC-1α promoter immediately after cessation of exercise, whereas the dramatic increase in PGC-1α mRNA occurred
3-hours post-exercise [41]. We looked 1-hour post exercise, which may be too late to see any
methylation changes. However, given that Barres, et al only looked at promoter A methylation
with respect to total PGC-1α mRNA levels, it is difficult to compare activation of promoter B
and the methylation data presented there. Additionally, Barres et al have shown non-CpG
methylation near promoter A [41, 42]. We did not see non-CpG methylation in our studies,
which may be due to either a species difference (human vs. mouse) or an assay difference (clonal sequencing vs. amplicon sequencing).
Most studies examining the role of histone modifications and activation of genes are correlative in nature. It is technically difficult to specifically alter the histone status of a single promoter. Global alterations to histone modifications may lead to complications for an individual
[43], and would likely complicate any analysis of a single gene which relies on many other proteins for transcriptional activation. In our studies, we found that acute exercise-induced increase of PGC-1α-b and PGC-1α-c mRNA coincided with an increase in the activating histone
mark, H3K4me3, across the transcriptional start site of Exon 1b/c. In contrast, neither PGC1α-a mRNA levels nor H3K4me3 residency after the transcriptional start site of Exon 1a were
changed after exercise. However, H3K4me3 levels increased prior to the transcriptional start
site of Exon 1a, similar to what was observed at Exon 1b/c. The histone mark H3K4me3 is indicative of transcriptional activity on non-CpG island promoters [20, 27]. H3K4me3 has also
been shown to be a direct indicator of RNA Pol II elongation in both yeast and higher eukaryotes [44, 45]. The increased transcription of PGC-1α-b and PGC-1α-c mRNA following acute
exercise may be due to a relaxation of the DNA in the presence of elevated H3K4me3 [20], allowing transcription factors access to the promoter. One possibility for a tissue specific transcription factor would be MyoD, which has been shown to bind to DNA sequences within
promoter B in in vitro studies [13]. Alternatively, it has been suggested that if the H3K4me3
histone mark is not responsible for the direct transition of RNA Pol II from a paused to elongating state, H3K4me3 instead serves as an indicator that the switch to Pol II elongation has occurred [46]. In either scenario, these data suggest that the increase in H3K4me3 we observed
after exercise in mouse skeletal muscle is indicative of increased PGC-1α-b/c transcription due
to an increase in Pol II elongation.
A second possibility for the rapid activation of PGC-1α-b and PGC-1α-c is the engagement
of an enhancer. Several genes have now been identified as having “poised promoters,” allowing
for rapid activation of mRNA transcription in response to specific signals [47]. In vertebrates,
many genes critical for developmental pathways exist as pre-existing complexes (for example
Hox and Shh loci), in which PolII is held in place between the gene promoter and a distant
stretch of enhancer DNA by transcription factors, chromatin modifying factors (i.e. p300 or
SWI/SNF), and Cohesins [48, 49]. This DNA-protein complex remains poised until tissue
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specific transcription factors release PolII from its arrest, allowing rapid initiation of transcription. At other loci, long range interactions between enhancers and promoters occur de novo,
triggered by specific transcription factors [49]. Low to moderate levels of H3K4me3 and
H3K27me3 frequently colocalize with both types of promoters [27, 50–52]. The presence of
both H3K4me3 and H3K27me3 across promoter A and promoter B suggests that PGC-1α may
utilize poised promoters for isoform-specific and tissue-specific transcription activation. In
liver PGC-1α-a is specifically increased upon fasting, and brown adipose tissue shows an increase of PGC-1α-b and PGC-1α-c on exposure to cold, but increased PGC-1α-a in response
to β-adrenergic agonists [8], suggesting that if one or more enhancers are present, they may be
both tissue- and stress-specific. Therefore, tissue-specific studies will be needed to determine
the molecular mechanisms responsible for activation of either promoter A or promoter B,
and whether the epigenetic profiles described here are predictive of tissue- and stress-specific
enhancers.

Supporting Information
S1 ARRIVE Checklist. ARRIVE Checklist. Checklist required for in vivo animal studies.
(PDF)
S1 Fig. Geometric mean analysis of exercised and sedentary mice. Stable gene targets across
treatment conditions will generate lower geNorm M values. The Beta Actin and GAPDH targets were selected as the least variable between sedentary and exercised mice.
(TIF)
S2 Fig. TAB-Seq control amplicon analysis. (A) The first 8 CpG dinucleotides of the 5mC
control plasmid are plotted as an average for % conversion rate. (B) The first 9 cytosine residues after the start of sequencing are plotted as an average for % protection.
(TIF)
S1 Table. List of all primers and probes used in this study. All primers are listed in a 5’ to
3’ orientation.
(XLSX)

Acknowledgments
We would like to thank Kayla Cuneo for her assistance with qPCR of ChIP samples.

Author Contributions
Conceived and designed the experiments: TLL RRT JPB SMT. Performed the experiments:
TLL RRT. Analyzed the data: TLL RRT JPB SMT. Contributed reagents/materials/analysis
tools: JPB SMT. Wrote the paper: TLL SMT.

References
1.

Arany Z, He H, Lin J, Hoyer K, Handschin C, Toka O, et al. Transcriptional coactivator PGC-1 alpha
controls the energy state and contractile function of cardiac muscle. Cell metabolism. 2005; 1(4):259–
71. Epub 2005/08/02. doi: 10.1016/j.cmet.2005.03.002 PMID: 16054070.

2.

Ekstrand MI, Falkenberg M, Rantanen A, Park CB, Gaspari M, Hultenby K, et al. Mitochondrial transcription factor A regulates mtDNA copy number in mammals. Hum Mol Genet. 2004; 13(9):935–44.
Epub 2004/03/16. doi: 10.1093/hmg/ddh109 PMID: 15016765.

3.

Scarpulla RC. Nuclear activators and coactivators in mammalian mitochondrial biogenesis. Biochim
Biophys Acta. 2002; 1576(1–2):1–14. Epub 2002/05/29. PMID: 12031478.

PLOS ONE | DOI:10.1371/journal.pone.0129647 June 8, 2015

13 / 16

Epigenetic Regulation of PGC-1α during Exercise

4.

Ventura-Clapier R, Garnier A, Veksler V. Transcriptional control of mitochondrial biogenesis: the central
role of PGC-1alpha. Cardiovasc Res. 2008; 79(2):208–17. Epub 2008/04/24. doi: 10.1093/cvr/cvn098
PMID: 18430751.

5.

St-Pierre J, Lin J, Krauss S, Tarr PT, Yang R, Newgard CB, et al. Bioenergetic analysis of peroxisome
proliferator-activated receptor gamma coactivators 1alpha and 1beta (PGC-1alpha and PGC-1beta) in
muscle cells. J Biol Chem. 2003; 278(29):26597–603. Epub 2003/05/08. doi: 10.1074/jbc.M301850200
PMID: 12734177.

6.

Gerhart-Hines Z, Rodgers JT, Bare O, Lerin C, Kim SH, Mostoslavsky R, et al. Metabolic control of
muscle mitochondrial function and fatty acid oxidation through SIRT1/PGC-1alpha. Embo J. 2007; 26
(7):1913–23. Epub 2007/03/10. doi: 10.1038/sj.emboj.7601633 PMID: 17347648; PubMed Central
PMCID: PMC1847661.

7.

Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P. Nutrient control of glucose homeostasis through a complex of PGC-1alpha and SIRT1. Nature. 2005; 434(7029):113–8. Epub 2005/
03/04. doi: 10.1038/nature03354 PMID: 15744310.

8.

Miura S, Kai Y, Kamei Y, Ezaki O. Isoform-specific increases in murine skeletal muscle peroxisome
proliferator-activated receptor-gamma coactivator-1alpha (PGC-1alpha) mRNA in response to beta2adrenergic receptor activation and exercise. Endocrinology. 2008; 149(9):4527–33. Epub 2008/05/31.
doi: 10.1210/en.2008-0466 PMID: 18511502.

9.

Miura S, Kawanaka K, Kai Y, Tamura M, Goto M, Shiuchi T, et al. An increase in murine skeletal muscle
peroxisome proliferator-activated receptor-gamma coactivator-1alpha (PGC-1alpha) mRNA in response to exercise is mediated by beta-adrenergic receptor activation. Endocrinology. 2007; 148
(7):3441–8. Epub 2007/04/21. doi: 10.1210/en.2006-1646 PMID: 17446185.

10.

Ruas JL, White JP, Rao RR, Kleiner S, Brannan KT, Harrison BC, et al. A PGC-1alpha isoform induced
by resistance training regulates skeletal muscle hypertrophy. Cell. 2012; 151(6):1319–31. Epub 2012/
12/12. doi: 10.1016/j.cell.2012.10.050 PMID: 23217713; PubMed Central PMCID: PMC3520615.

11.

Soyal SM, Felder TK, Auer S, Hahne P, Oberkofler H, Witting A, et al. A greatly extended PPARGC1A
genomic locus encodes several new brain-specific isoforms and influences Huntington disease age of
onset. Hum Mol Genet. 2012; 21(15):3461–73. Epub 2012/05/17. doi: 10.1093/hmg/dds177 PMID:
22589246.

12.

Tadaishi M, Miura S, Kai Y, Kawasaki E, Koshinaka K, Kawanaka K, et al. Effect of exercise intensity
and AICAR on isoform-specific expressions of murine skeletal muscle PGC-1alpha mRNA: a role of
beta(2)-adrenergic receptor activation. Am J Physiol Endocrinol Metab. 2011; 300(2):E341–9. Epub
2010/11/26. doi: 10.1152/ajpendo.00400.2010 PMID: 21098736.

13.

Yoshioka T, Inagaki K, Noguchi T, Sakai M, Ogawa W, Hosooka T, et al. Identification and characterization of an alternative promoter of the human PGC-1alpha gene. Biochem Biophys Res Commun.
2009; 381(4):537–43. Epub 2009/02/24. doi: 10.1016/j.bbrc.2009.02.077 PMID: 19233136.

14.

Zhang Y, Huypens P, Adamson AW, Chang JS, Henagan TM, Boudreau A, et al. Alternative mRNA
splicing produces a novel biologically active short isoform of PGC-1alpha. J Biol Chem. 2009; 284
(47):32813–26. Epub 2009/09/24. doi: 10.1074/jbc.M109.037556 PMID: 19773550; PubMed Central
PMCID: PMC2781698.

15.

Norrbom J, Sallstedt EK, Fischer H, Sundberg CJ, Rundqvist H, Gustafsson T. Alternative splice variant
PGC-1alpha-b is strongly induced by exercise in human skeletal muscle. Am J Physiol Endocrinol
Metab. 2011; 301(6):E1092–8. Epub 2011/08/25. doi: 10.1152/ajpendo.00119.2011 PMID: 21862727.

16.

Nader GA, von Walden F, Liu C, Lindvall J, Gutmann L, Pistilli EE, et al. Resistance exercise training
modulates acute gene expression during human skeletal muscle hypertrophy. J Appl Physiol (1985).
2014; 116(6):693–702. Epub 2014/01/25. doi: 10.1152/japplphysiol.01366.2013 PMID: 24458751.

17.

Chang JS, Fernand V, Zhang Y, Shin J, Jun HJ, Joshi Y, et al. NT-PGC-1alpha protein is sufficient to
link beta3-adrenergic receptor activation to transcriptional and physiological components of adaptive
thermogenesis. J Biol Chem. 2012; 287(12):9100–11. Epub 2012/01/28. doi: 10.1074/jbc.M111.
320200 PMID: 22282499; PubMed Central PMCID: PMC3308807.

18.

Egan B, Carson BP, Garcia-Roves PM, Chibalin AV, Sarsfield FM, Barron N, et al. Exercise intensitydependent regulation of peroxisome proliferator-activated receptor coactivator-1 mRNA abundance is
associated with differential activation of upstream signalling kinases in human skeletal muscle. J Physiol. 2010; 588(Pt 10):1779–90. Epub 2010/03/24. doi: 10.1113/jphysiol.2010.188011 PMID:
20308248; PubMed Central PMCID: PMC2887994.

19.

Felsenfeld G, Groudine M. Controlling the double helix. Nature. 2003; 421(6921):448–53. Epub 2003/
01/24. doi: 10.1038/nature01411 PMID: 12540921.

20.

Karlic R, Chung HR, Lasserre J, Vlahovicek K, Vingron M. Histone modification levels are predictive for
gene expression. Proceedings of the National Academy of Sciences of the United States of America.

PLOS ONE | DOI:10.1371/journal.pone.0129647 June 8, 2015

14 / 16

Epigenetic Regulation of PGC-1α during Exercise

2010; 107(7):2926–31. Epub 2010/02/06. doi: 10.1073/pnas.0909344107 PMID: 20133639; PubMed
Central PMCID: PMC2814872.
21.

Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the genome integrates intrinsic and
environmental signals. Nat Genet. 2003; 33 Suppl:245–54. Epub 2003/03/01. doi: 10.1038/ng1089
PMID: 12610534.

22.

Bird A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002; 16(1):6–21. Epub 2002/
01/10. doi: 10.1101/gad.947102 PMID: 11782440.

23.

Jones PL, Veenstra GJ, Wade PA, Vermaak D, Kass SU, Landsberger N, et al. Methylated DNA and
MeCP2 recruit histone deacetylase to repress transcription. Nat Genet. 1998; 19(2):187–91. Epub
1998/06/10. doi: 10.1038/561 PMID: 9620779.

24.

Orlando V, Strutt H, Paro R. Analysis of chromatin structure by in vivo formaldehyde cross-linking.
Methods. 1997; 11(2):205–14. Epub 1997/02/01. doi: 10.1006/meth.1996.0407 PMID: 8993033.

25.

Yu M, Hon GC, Szulwach KE, Song CX, Jin P, Ren B, et al. Tet-assisted bisulfite sequencing of 5hydroxymethylcytosine. Nat Protoc. 2012; 7(12):2159–70. Epub 2012/12/01. doi: 10.1038/nprot.2012.
137 PMID: 23196972; PubMed Central PMCID: PMC3641661.

26.

Kouzarides T. Histone methylation in transcriptional control. Curr Opin Genet Dev. 2002; 12(2):198–
209. Epub 2002/03/15. PMID: 11893494.

27.

Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E, Giannoukos G, et al. Genome-wide maps of chromatin state in pluripotent and lineage-committed cells. Nature. 2007; 448(7153):553–60. Epub 2007/
07/03. doi: 10.1038/nature06008 PMID: 17603471; PubMed Central PMCID: PMC2921165.

28.

van Leeuwen F, van Steensel B. Histone modifications: from genome-wide maps to functional insights.
Genome Biol. 2005; 6(6):113. Epub 2005/06/18. doi: 10.1186/gb-2005-6-6-113 PMID: 15960810;
PubMed Central PMCID: PMC1175962.

29.

Sakashita K, Koike K, Kinoshita T, Shiohara M, Kamijo T, Taniguchi S, et al. Dynamic DNA methylation
change in the CpG island region of p15 during human myeloid development. J Clin Invest. 2001; 108
(8):1195–204. Epub 2001/10/17. doi: 10.1172/JCI13030 PMID: 11602627; PubMed Central PMCID:
PMC209528.

30.

Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg GW, et al. A genomic sequencing protocol that yields a positive display of 5-methylcytosine residues in individual DNA strands. Proceedings of
the National Academy of Sciences of the United States of America. 1992; 89(5):1827–31. Epub 1992/
03/01. PMID: 1542678; PubMed Central PMCID: PMC48546.

31.

Parrish RR, Day JJ, Lubin FD. Direct bisulfite sequencing for examination of DNA methylation with
gene and nucleotide resolution from brain tissues. Curr Protoc Neurosci. 2012;Chapter 7:Unit 7 24.
Epub 2012/07/04. doi: 10.1002/0471142301.ns0724s60 PMID: 22752896; PubMed Central PMCID:
PMC3395468.

32.

Wu H, D'Alessio AC, Ito S, Wang Z, Cui K, Zhao K, et al. Genome-wide analysis of 5-hydroxymethylcytosine distribution reveals its dual function in transcriptional regulation in mouse embryonic stem cells.
Genes Dev. 2011; 25(7):679–84. Epub 2011/04/05. doi: 10.1101/gad.2036011 PMID: 21460036;
PubMed Central PMCID: PMC3070931.

33.

Gan H, Wen L, Liao S, Lin X, Ma T, Liu J, et al. Dynamics of 5-hydroxymethylcytosine during mouse
spermatogenesis. Nat Commun. 2013; 4:1995. Epub 2013/06/14. doi: 10.1038/ncomms2995 PMID:
23759713.

34.

Yu M, Hon GC, Szulwach KE, Song CX, Zhang L, Kim A, et al. Base-resolution analysis of 5-hydroxymethylcytosine in the mammalian genome. Cell. 2012; 149(6):1368–80. Epub 2012/05/23. doi: 10.
1016/j.cell.2012.04.027 PMID: 22608086; PubMed Central PMCID: PMC3589129.

35.

Jones PA. Functions of DNA methylation: islands, start sites, gene bodies and beyond. Nat Rev Genet.
2012; 13(7):484–92. Epub 2012/05/30. doi: 10.1038/nrg3230 PMID: 22641018.

36.

Takai D, Jones PA. Comprehensive analysis of CpG islands in human chromosomes 21 and 22. Proceedings of the National Academy of Sciences of the United States of America. 2002; 99(6):3740–5.
Epub 2002/03/14. doi: 10.1073/pnas.052410099 PMID: 11891299; PubMed Central PMCID:
PMC122594.

37.

Han H, Cortez CC, Yang X, Nichols PW, Jones PA, Liang G. DNA methylation directly silences genes
with non-CpG island promoters and establishes a nucleosome occupied promoter. Hum Mol Genet.
2011; 20(22):4299–310. Epub 2011/08/13. doi: 10.1093/hmg/ddr356 PMID: 21835883; PubMed Central PMCID: PMC3196883.

38.

Racanelli AC, Turner FB, Xie LY, Taylor SM, Moran RG. A mouse gene that coordinates epigenetic
controls and transcriptional interference to achieve tissue-specific expression. Mol Cell Biol. 2008; 28
(2):836–48. Epub 2007/11/14. doi: 10.1128/MCB.01088-07 PMID: 17998333; PubMed Central PMCID:
PMC2223435.

PLOS ONE | DOI:10.1371/journal.pone.0129647 June 8, 2015

15 / 16

Epigenetic Regulation of PGC-1α during Exercise

39.

Weber M, Davies JJ, Wittig D, Oakeley EJ, Haase M, Lam WL, et al. Chromosome-wide and promoterspecific analyses identify sites of differential DNA methylation in normal and transformed human cells.
Nat Genet. 2005; 37(8):853–62. Epub 2005/07/12. doi: 10.1038/ng1598 PMID: 16007088.

40.

Gal-Yam EN, Egger G, Iniguez L, Holster H, Einarsson S, Zhang X, et al. Frequent switching of Polycomb repressive marks and DNA hypermethylation in the PC3 prostate cancer cell line. Proceedings of
the National Academy of Sciences of the United States of America. 2008; 105(35):12979–84. Epub
2008/08/30. doi: 10.1073/pnas.0806437105 PMID: 18753622; PubMed Central PMCID:
PMC2529074.

41.

Barres R, Yan J, Egan B, Treebak JT, Rasmussen M, Fritz T, et al. Acute exercise remodels promoter
methylation in human skeletal muscle. Cell metabolism. 2012; 15(3):405–11. Epub 2012/03/13. doi: 10.
1016/j.cmet.2012.01.001 PMID: 22405075.

42.

Barres R, Osler ME, Yan J, Rune A, Fritz T, Caidahl K, et al. Non-CpG methylation of the PGC-1alpha
promoter through DNMT3B controls mitochondrial density. Cell Metab. 2009; 10(3):189–98. Epub
2009/09/03. doi: 10.1016/j.cmet.2009.07.011 PMID: 19723495.

43.

Zaidi S, Choi M, Wakimoto H, Ma L, Jiang J, Overton JD, et al. De novo mutations in histone-modifying
genes in congenital heart disease. Nature. 2013; 498(7453):220–3. Epub 2013/05/15. doi: 10.1038/
nature12141 PMID: 23665959; PubMed Central PMCID: PMC3706629.

44.

Pokholok DK, Harbison CT, Levine S, Cole M, Hannett NM, Lee TI, et al. Genome-wide map of nucleosome acetylation and methylation in yeast. Cell. 2005; 122(4):517–27. Epub 2005/08/27. doi: 10.1016/
j.cell.2005.06.026 PMID: 16122420.

45.

Ding Y, Ndamukong I, Xu Z, Lapko H, Fromm M, Avramova Z. ATX1-generated H3K4me3 is required
for efficient elongation of transcription, not initiation, at ATX1-regulated genes. PLoS Genet. 2012; 8
(12):e1003111. Epub 2013/01/04. doi: 10.1371/journal.pgen.1003111 PMID: 23284292; PubMed Central PMCID: PMC3527332.

46.

Ng HH, Robert F, Young RA, Struhl K. Targeted recruitment of Set1 histone methylase by elongating
Pol II provides a localized mark and memory of recent transcriptional activity. Mol Cell. 2003; 11
(3):709–19. Epub 2003/04/02. doi: S1097276503000923 [pii]. PMID: 12667453.

47.

Maston GA, Landt SG, Snyder M, Green MR. Characterization of enhancer function from genome-wide
analyses. Annu Rev Genomics Hum Genet. 2012; 13:29–57. Epub 2012/06/19. doi: 10.1146/annurevgenom-090711-163723 PMID: 22703170.

48.

Andrey G, Montavon T, Mascrez B, Gonzalez F, Noordermeer D, Leleu M, et al. A switch between topological domains underlies HoxD genes collinearity in mouse limbs. Science. 2013; 340(6137):1234167.
Epub 2013/06/08. doi: 10.1126/science.1234167 PMID: 23744951.

49.

de Laat W, Duboule D. Topology of mammalian developmental enhancers and their regulatory landscapes. Nature. 2013; 502(7472):499–506. Epub 2013/10/25. doi: 10.1038/nature12753 PMID:
24153303.

50.

Rada-Iglesias A, Bajpai R, Swigut T, Brugmann SA, Flynn RA, Wysocka J. A unique chromatin signature uncovers early developmental enhancers in humans. Nature. 2011; 470(7333):279–83. Epub
2010/12/17. doi: 10.1038/nature09692 PMID: 21160473.

51.

Zentner GE, Tesar PJ, Scacheri PC. Epigenetic signatures distinguish multiple classes of enhancers
with distinct cellular functions. Genome Res. 2011; 21(8):1273–83. Epub 2011/06/03. doi: 10.1101/gr.
122382.111 PMID: 21632746; PubMed Central PMCID: PMC3149494.

52.

Guenther MG, Levine SS, Boyer LA, Jaenisch R, Young RA. A chromatin landmark and transcription
initiation at most promoters in human cells. Cell. 2007; 130(1):77–88. Epub 2007/07/17. doi: 10.1016/j.
cell.2007.05.042 PMID: 17632057; PubMed Central PMCID: PMC3200295.

PLOS ONE | DOI:10.1371/journal.pone.0129647 June 8, 2015

16 / 16

